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To illustrate the first mechanism, consider a sce-
nario where a polarized group is travelling per-
pendicular to a gradient in light level. Individuals
within the group, if located on the brighter side of
the environment, will travel more quickly. This,
in conjunction with interindividual attraction, in-
duces rotation and turning toward the darker re-
gion. We find that, for a single instance in time,
variation in speed among fish within a group
corresponds to the variation in light level at their
locations (Fig. 2A, dashed line). This speed dif-
ferential across a group causes turning toward those
who move more slowly (fig. S10). Second, as in-
dividuals slow down, the distance between them is
reduced (see fig. S14), which increases the local
density of animals in darker regions. Social in-
fluence results in acceleration tending to be in
this direction (Fig. 2B).

To demonstrate the generic nature of these
results, we performed simulations of grouping
individuals (17, 18) that moderate their speed
according to their local light level. Simulated in-
dividuals move within the same light fields that
were presented to the real fish, yet lack any ex-
plicit gradient detection capacity. As in the ex-
periments, greater group-level responsiveness to
the environment arises spontaneously as group
size increases (Fig. 1B). Further, we show that,
although increased group numbers reduce mea-
surement error, the key determinant of perform-
ance is the spatial extent of the group in relation
to the length scale of the environment; groups
that span a larger area are more likely to capture
the variation in cue required to elicit a speed
differential across the group (16).

Motion toward darker regions (taxis), there-
fore, results from social interactions among in-
dividuals, each of whom exhibits a rudimentary,
nondirectional response to their environment
(kinesis). Thus, the collective dynamics create a

group-level responsiveness to the environment that
is absent at the individual level (19). The result-
ing increase in gradient-tracking ability for larger
groups agrees with previous hypotheses (20, 21)
and could explain empirical studies showing that
grouping facilitates the detection of chemical cues
(22–24) and improves the accuracy of migrations
that rely on such cues (25, 26).

The simple algorithm revealed here may allow
groups to respond to environmental gradients that
occur over long length scales, for instance during
the seasonal migration of fish tracking a single
isotherm (27). If the mechanism we observed here
is found to be widespread, as would be suggested
by its robust nature and ease of implementation (in
evolutionary terms), there are important ramifica-
tions for ecosystem conservation and manage-
ment. Our results demonstrate that the ability to
respond to environmental information may decline
as populations are fragmented and average group
sizes decrease.
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The Bacteriophage T7 Virion
Undergoes Extensive Structural
Remodeling During Infection
Bo Hu,1 William Margolin,2 Ian J. Molineux,3* Jun Liu1*

Adsorption and genome ejection are fundamental to the bacteriophage life cycle, yet their
molecular mechanisms are not well understood. We used cryo–electron tomography to capture
T7 virions at successive stages of infection of Escherichia coli minicells at ~4-nm resolution.
The six phage tail fibers were folded against the capsid, extending and orienting symmetrically
only after productive adsorption to the host cell surface. Receptor binding by the tail triggered
conformational changes resulting in the insertion of an extended tail, which functions as the
DNA ejection conduit into the cell cytoplasm. After ejection, the extended phage tail collapsed or
disassembled, which allowed resealing of the infected cell membrane. These structural
studies provide a detailed series of intermediates during phage infection.

After encountering a cell, a bacteriophage
delivers its genetic material into the host
cytoplasm via an orchestrated series of

conformational changes (1). T7 is a member of
the Podoviridae, having short, noncontractile
tails that are too short to span a bacterial cell en-

velope (2). The icosahedral 2-nm-thick T7 capsid
is 60 to 61 nm in diameter, and inside, coaxial to
the dodecameric head-tail connector, is a 26- by
21-nm internal core, which is thought to consist
of three proteins: gp14, gp15, and gp16 (2, 3). The
core is essential for both virion morphogenesis
and ejection of the 40-kb genome. Near the head-
proximal end of the 23-nm tail are six fibers, tri-
mers of gp17. Each fiber has anN-terminal domain
that attaches the fiber to the tail, followed by
proximal and distal half-fibers. The latter inter-
act with the cell surface (4, 5). After adsorption,
the core proteins are ejected through the portal-tail

1Department of Pathology and Laboratory Medicine, University
of Texas Medical School at Houston, Houston, TX 77030, USA.
2Department of Microbiology and Molecular Genetics, Uni-
versity of Texas Medical School at Houston, Houston, TX 77030,
USA. 3Molecular Genetics and Microbiology, Institute for Cell
and Molecular Biology, University of Texas at Austin, Austin, TX
78712, USA.

*To whom correspondence should be addressed. E-mail:
molineux@austin.utexas.edu (I.J.M.); jun.liu.1@uth.tmc.
edu ( J.L.)

1 FEBRUARY 2013 VOL 339 SCIENCE www.sciencemag.org576

REPORTS

 o
n 

F
eb

ru
ar

y 
19

, 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/


complex into the infected cell, and it has been
hypothesized that they extend the tail, creating
a trans-envelope channel used for DNA transport
(6–8). Here, we used cryo–electron tomography
(cryo-ET) to provide three-dimensional (3D)
structures of infected cell complexes in near-
native, frozen-hydrated states at ~4-nm resolu-
tion (fig. S1).

We infected small (≤0.3 mm in diameter)
Escherichia coliminicells (9) to achieve maximum
resolution. The T7-infected minicells produced
infective centers at normal efficiencies, and
the parent skinny cells were good hosts for the
phage, which suggested that our structures re-
flected the normal infection pathway (10).
The 3D reconstructions revealed adsorbed vi-
rions at three stages of infection (Fig. 1 and
movie S1) and supported the hypothesis (6–8)
that T7 internal core proteins form a trans-
envelope channel (Fig. 1, B and E). Dual-axis
tomography confirmed the presence of various
conformations (movie S2). In order to obtain
better structural details, we used subvolume av-
eraging to determine the 3D structures during
infection (10).

Asymmetric reconstructions of a fiberless
gene 17 mutant (Fig. 2, A and D) and wild-type
(Fig. 2, B and E) virions were derived from
1945 and 6116 subvolumes, respectively. The
overall structure of wild-type T7 (Fig. 2B) is sim-
ilar to that reported (3), but our tomographic
reconstruction resolved the tail fibers (Fig. 2,
B, C, E, and F). Placing a known structure of
part of the distal half-fiber (5) into the cryo-ET
density revealed a good fit (Fig. 2F). Each fiber

was folded back onto the capsid with the proxi-
mal half-fiber rising across the face of a capso-
mer. The ~90° kink between proximal and distal
half-fibers was visible in 3D surface renderings
(Fig. 2, E and F). Fibers retained a conforma-
tion similar to that of isolated tail complexes
(fig. S2) (4).

The T7 tail exhibited 6-fold symmetry, but
the distal half-fibers were bound to the capsid,
which is 5-fold symmetrical at the connector.
To better understand the symmetry mismatch
and the fiber-capsid interactions, we classified
each fiber independently by correspondence
analysis (figs. S3 and S4). Class I fibers exhib-
ited only a short fragment corresponding to the
N-terminal domain that is bound to the tail (4),
which indicated that neither half-fiber was bound
to the capsid. Proximal and distal half-fibers
were visible in class II and were subdivided into
subclasses by their different orientations on
the capsid (Fig. 2, H and I). Projecting all distal
half-fiber conformations onto the same sur-
face showed that there is no specific binding
site (fig. S4).

Phage tail fibers are normally depicted ex-
tending away from the capsid, poised for ad-
sorption. However, we found that ~50% of
mature T7 virions had five fibers bound to the
capsid and ~30% had four; very few had no
bound fibers (Fig. 2J). Most published elec-
tron microscopy (EM) images of T7 do not
resolve fibers; they were visible in a tomogram
of negatively stained T7 particles only as short
projections from the capsid (fig. S2). More than
95% of the wild-type T7 prepared for this study

made infective centers in exponentially growing
cells within 2 to 3 min, which suggested that ex-
tended fibers were not required for rapid adsorp-
tion (10). Proximal half-fibers of the T7-related
phage P-SSP7 also appear bound in mature vi-
rions but are extended in spontaneously emptied
free particles (11). Furthermore, cryo-EM recon-
structions of T4 virions show fibers wrapped
around the tail sheath, not pointing away from
the capsid (12). Maintaining tail fibers on the
body of free virions may thus be typical of many
phages.

Adsorbed T7 virions were generally oriented
perpendicular to the cell surface with the tail
slightly indenting the outer membrane (Fig. 3,
A and B; fig. S5; and movie S3), similar to ad-
sorbed phage P-SSP7 (11). Proximal half-fibers
extended horizontally, whereas distal half-fibers
were vertical; bound fibers exhibited the same
6-fold symmetry as the tail, covering ~3000 nm2

of the cell surface. During adsorption, fibers un-
derwent a large rotation, which was probably
due to the N-terminal domain pivoting on its
connection to the tail (fig. S6). Two-thirds (3352)
of adsorbed phages analyzed were captured at
this intermediate stage, with the internal core
remaining intact within the capsid, which sug-
gests that recognition of the cell surface by all
six fibers is insufficient to trigger later steps of
infection.

About one-third (1886) of adsorbed parti-
cles displayed a tubelike extension of the tail
that penetrated both cell membranes (Fig. 3, C
and D; figs. S5 and S7; and movie S3). A func-
tional extension of the T7 tail is essential for
genome delivery into the host (2). The energy
required for this dramatic change in structure
must be stored in the virion, because cellular
energy sources will not yet be accessible. The
interaction between the tail and the outer mem-
brane also changed, which presumably reflects
the conformational changes that signal ejec-
tion of the internal core, which was no longer
visible (Fig. 3, A and C). However, the head still
appeared full, which suggested that the encap-
sidated DNA had expanded to occupy the vol-
ume originally occupied by the core.

The extended tail is probably composed of
ejected core proteins, which have been found
in the infected cell envelope (7, 8). Gp14 lo-
calizes to the infected cell outer membrane,
whereas gp15 and gp16 span the periplasm and
cytoplasmic membrane. Various mutant gp16-
containing virions change the kinetics of genome
ejection or prevent DNA from entering the cy-
toplasm; the latter defect can be suppressed by
virions also harboring a mutant gp15 (8, 13–16).
After infection by 16E37F mutant virions, which
are defective in cell wall hydrolysis and which
exhibit delayed DNA entry into the cytoplasm
(14, 17), the extended tail took ~20 times as
long to form (fig. S8). The estimated volume of
the internal core (3) is sufficient to form the en-
tire extension. The overall tail extension was
~45 nm, and the tube had an outer diameter of

Fig. 1. Three stages of T7 infection. (A andD) T7 adsorbed to the outer membrane. The density spanning
the cell envelope at 270° in (A) was derived from fiducial gold markers (shown explicitly in movie S1
as a series of slices across the cell in (A). (B and E) An extended tail (arrow) spanned the cell envelope.
(C and F) After DNA ejection, the extended tail was not apparent.
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Fig. 2. Asymmetric reconstructions of virions. (A)
A central slice of a fiberless virion revealed the tail,
capsid, and internal core. Fibers were visible in a
central slice (B) and a cross section of wild-type
virions (C). Surface rendering of fiberless (D) and
wild-type virions in side (E) and bottom (F) views. A
crystal structure of the receptor-binding domain of
T7 fibers (5) was placed into three fiber densities.
Residues A518, D520, and V544, known to affect
phage host range (5), are highlighted in red (F).
Classification revealed different conformations of
fibers not bound (G) or bound to the capsid (H and
I). (J) Distribution of the number of bound fibers on
free virions; few had either six or zero fibers bound.

Fig. 3. Adsorption structures. (A) Central slice and (B) 3D surface view of a
subvolume average derived from 3352 virions. All six fibers were bound to
the cell, and the tail made a small indentation in the outer membrane
(OM); the internal core and DNA were still in the capsid. (C) Central slice

and (D) 3D surface view of a subvolume average derived from 1886 virions.
The internal core had been ejected from the virion, forming an extended tail
that penetrated the cell cytoplasm. PG, peptidoglycan cell wall; IM, inner
membrane.
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≥8 nm, sufficient to accommodate double-
stranded DNA in its lumen. As the tube ap-
proached the cytoplasmic membrane, density
broadened (Fig. 3, C and D), probably because
the extended tail was flexible (movie S4). Den-
sity associated with the tube was less distinct
inside the cytoplasm, but ~12 nm below the
center of the membrane a ~30 by 6 nm toroid
with a ~4-nm central cavity was clearly present
(fig. S9 and movie S4). The toroid may be part
of the molecular motor that has been hypoth-
esized to pull the leading genome end into the
cell (6, 8, 16).

About 3% (162) of adsorbed phages had
completely ejected their genome. Virion struc-
ture at this stage of infection was thus deter-
mined only at relatively low resolution (fig.
S10 and movie S3). The cytoplasmic toroid was
not visible, and the tube traversing the peri-
plasm had collapsed or disassembled, which
presumably prevented dissipation of the mem-
brane potential, which would inhibit phage de-
velopment. We tested whether an energized
membrane was required for channel forma-
tion by treating minicells with carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) before in-
fection. Of the 244 virions observed, 14% did
not adsorb, 55% adsorbed without tail exten-
sion, 31% formed a trans-envelope structure,
but none ejected their genome (fig. S11). An
energized membrane was thus not necessary
for adsorption or ejection of internal proteins,
but, as expected (16, 18), it is essential for ge-
nome translocation.

The combination of technical advances in
cryo-ET and a reduction in E. coli cell size has
allowed us to describe detailed features of the
mature T7 virion and structural changes dur-
ing infection. Tail fibers, usually depicted ex-
tending away from the virion, were mostly bound
to the capsid. Our data suggest a dynamic equi-
librium between bound and unbound states.
Maintaining fibers in a folded-back configu-
ration would allow a higher rate of virion dif-

fusion, whereas transient extension could still
permit the phage to explore a large volume in
search of a cell. Binding of fibers to bacterial
receptors is weak, but transient binding could
reduce the dimensional space for finding a suit-
able site for infection from three to two (19).
Weak binding could potentially achieve the nec-
essary specificity of adsorption by cooperative
binding among fibers or by a second compo-
nent, i.e., the tail, binding with high specificity
(2, 7, 20). We propose that the transition to a
stably adsorbed state occurs following a ran-
dom walk after an initial interaction between
a fiber and the cell; e.g., bound fiber no. 1 is
directly replaced by binding of fiber no. 2 with-
out virion release (Fig. 4 and movie S5). Al-
ternatively, in a quasi-2D diffusion process, fiber
no. 1 may dissociate, followed rapidly by fiber
no. 2 detaching from the capsid and binding to
the cell. Note that the common lab strain of
phage l, which lacks side tail fibers, has been
suggested to move across the cell surface in a
quasi-1D process (21). At a preferred site of
infection, the tail interacts specifically with its
receptor, which prevents further lateral move-
ment and allows all fibers to bind. The fibers of
phage T7 may thus function primarily to facil-
itate interaction of the tail with its specific re-
ceptor. After stable adsorption, infection is
triggered by ejection of the internal core pro-
teins into the cell envelope and the formation of
an extended tail, which may protect the entering
genome from periplasmic nucleases.
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Fig. 4. Schematic model of T7
infection. The insert tomograms
show the different orientations
of tail fibers. Fibers bound to the
cell are highlighted with yellow
arrows, unbound fiberswith green
arrows. After “walking” across
the cell surface to find the re-
ceptor for the tail, all fibers ro-
tate downward to contact the
outer membrane. Commitment
to infection occurs after internal
core proteins are ejected from
the virion and the extended tail
(red arrow) forms.
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